Introduction {#S5}
============

The combination of energy dense diets and reduced energy expenditure in modern society has produced a dramatic shift in the number of obese and overweight individuals worldwide([@R1]). Far from a benign accumulation of excess adipose, the escalating prevalence of obesity and obesity-related comorbidities has rapidly become a worldwide epidemic([@R1]). Paramount among these disease-states is the disproportionate population of type-2 diabetics (T2D)([@R1]). Thus intensive investigation over the last decade has focused on the underlying mechanisms for these sister syndromes.

Emerging evidence suggests that in conjunction with the long-known defects in hormonal and inflammatory states, obesity and T2D are also characterized by dysbiosis([@R2], [@R3]). Once thought to be simple parasitic passengers, we are now aware of the complex regulatory role that gut microbiota play in our digestion, immune response, metabolism, and even mental status([@R4], [@R5]). Moreover, therapeutics such as Roux-en Y gastric bypass (RYGB) and Metformin, may induce beneficial shifts in a patient's gut microbiota([@R6], [@R7]).

We have recently described the beneficial effects of duodenal nutrient exclusion, as induced by the duodenal endoluminal sleeve (DES)([@R8]). This simple barrier device prevents contact of chyme with the duodenum, allowing for transit of food from the stomach to the jejunum. This temporary separation of chyme and digestive enzymes, mimics a portion of the RYGB procedure, and presumably invokes a dramatic change in the environmental niche of duodenal microbiota. We found that this simple device stimulated body weight loss and prevented fat mass accumulation in the ZDF rat, a rodent model of obesity and glucose dysregulation([@R8]). This device also dramatically improved glucose tolerance, even when compared to sham-operated control rats pair-fed to match for caloric intake, body, and fat mass([@R8]). Since this procedure mimics various aspects of RYGB, and RYGB is known to rectify components of dysbiosis([@R6], [@R9], [@R10]), we set out to investigate the role of duodenal nutrient exclusion on gut microbiota in our DES rat model.

Materials and Methods {#S6}
=====================

Animals, DES surgery, and Phenotypic analysis {#S7}
---------------------------------------------

DES or sham surgeries were conducted in age (10 w/old), weight, and fat mass matched ZDF rats as previously described([@R8]). All rats received liquid diet for 120 h postoperatively. Chow diet (Teklad LM-485, 5.6% fat) was reintroduced during the last 24 h of liquid diet feeding and was then provided ad libitum to sham and DES groups. Sham-pf rats were provided chow diet in daily feedings (1 h prior to dark-phase), isocaloric to the average intake in DES rats. Subcutaneous injections of Metacam (0.25 mg/100 g BW once daily for 4 days), gentamicin (0.8 mg/100 g BW on the day of surgery), Buprenex (0.3 mL 2× per day for 5 days), and warm saline (10 and 5 mL 2× per day for days 0--3 and 4--5, respectively) were administered to all surgical groups. All procedures were approved by the University of Alabama at Birmingham Institutional Animal Care and Use Committee.

Isolation of microbial DNA and creation of 16S V4 amplicon library {#S8}
------------------------------------------------------------------

In 4--8 rats per experimental group (n = 7 sham, 8 pf-sham, and 4 DES), microbial genomic DNA was isolated as previously described([@R11]) via Fecal DNA isolation kit (Zymo Research). An amplicon library from each sample was created from the variable region 4 (V4) region of the 16S rDNA gene via PCR([@R12], [@R13]).

MiSeq DNA sequencing, bioinformatics, and statistical analysis {#S9}
--------------------------------------------------------------

Sequencing and bioinformatics were conducted as we have previously described([@R11]). Briefly, we sequenced 251-base single-end reads using Illumina MiSeq([@R12], [@R13]) followed by FASTQ conversion of the raw data files. We assessed FASTQ file quality via FASTQC([@R14]) and filtered using the FASTX toolkit([@R15]). The last base was trimmed from all reads due to low quality of at the 3' end. Reads with Q scores of \< 20 or unknown bases ("N") were discarded. The Quantitative Insight into Microbial Ecology (QIIME) suite was utilized to group sequences into operational taxonomic units (OTUs) using the clustering program UCLUST at a similarity threshold of 97%([@R16]). Taxonomic assignments for all OTUs at confidence threshold of 80% (0.8)([@R17]) were made via the Ribosomal Database Program (RDP) classifier trained using the Greengenes (v13.8) 16S rRNA database([@R18]) and OTUs whose average abundance was less than 0.005% were removed. OTUs were then grouped together to summarize taxon abundance and multiple sequence alignments of OTUs were performed with PyNAST([@R19]). Alpha (within sample, calculated using Shannon and Chao1 metrics) and beta (between sample, using Bray-Curtis and weighted and unweighted UniFrac metrics) diversity were assessed via QIIME ([@R20]).

All data are represented as mean and standard error of the mean (SEM) from biological replicates. Where identified by ROUT (Q=10%), statistical outliers were removed. QIIME was used to conduct principal coordinates analysis (PCoA) between all samples. One-way ANOVA with Tukey's multiple comparison post-test and ROUT performed using GraphPad Prism 6 software (San Diego, CA) In all cases, statistical significance was assumed when p \< 0.05.

Results {#S10}
=======

Metabolic improvement following DES in ZDF rats {#S11}
-----------------------------------------------

ZDF rats were matched for age, body and fat mass and then administered either the DES or a sham procedure as previously described([@R8]). An additional group of matched, sham-operated rats was pair-fed to the DES cohort. DES reduced food intake, body-weight, and fat mass over a 28 d period as previously described([@R8]) and re-drawn in [Supplementary Table 1](#SD1){ref-type="supplementary-material"}. The reduction in body weight, fat mass, and fasting insulin after DES was matched by the pair-fed sham controls suggesting that caloric intake was responsible for these improvements. However, intraperitoneal and oral glucose challenge revealed an enhanced glucose tolerance compared to either sham or pf-sham controls (redrawn in [Supplementary Table 1](#SD1){ref-type="supplementary-material"}) and therefore independent of the changes in body mass and composition([@R8]). Analysis of circulating factors revealed elevated fasting glucagon, circulating bile acids, and a trend for hypersecretion of glucagon-like peptide 1 (GLP1) in response to a mixed meal challenge (redrawn in [Supplementary Table 1](#SD1){ref-type="supplementary-material"} and ([@R8])). Altogether these data suggest that duodenal nutrient exclusion recues multiple components of the metabolic syndrome in the ZDF rat model.

DES alters taxonomic distribution of distal gut microbiota {#S12}
----------------------------------------------------------

Following the 28 d study rats were euthanized and cecal contents collected. Microbial DNA was isolated from the cecal contents and then subjected to 16S V4 region microbiome analysis([@R13], [@R21]).

We first determined whether the microbiota of the Sham, Sham-pf and DES microbiota clustered into distinct groups. Three different metrics, Bray-Curtis, Weighted and Un-weighted Unifrac revealed no significant differences in clustering of the three different groups (PERMANOVA p \> 0.05, data not shown).

We next focused on the most abundant species, and utilized statistical analyses based on general linear models (two --sample test, two factor ANOVA, and multivariable regression). Evaluation of 564 independent sequences identified altered phylogenic distribution of distal gut microbiota as defined by operational taxonomic units (OTUs) following duodenal nutrient exclusion. The Firmicutes (60--64%) and Bacteroidetes (27--35%) phyla dominated gut microbiota in all rats, with smaller contributions (1--2%) from the Proteobacteria, Cyanobacteria, and Verrucomicrobia phyla ([Figures 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}). DES in rats was associated with a suppression of the Bacteroidetes as compared to either *ad libitum* or pair-fed sham groups. Conversely, we observed a relative increase in the Verrucomicrobia phyla after duodenal nutrient exclusion as compared to either sham control, with a similar trend observed in Tenericutes ([Figure 1](#F1){ref-type="fig"}). Previous reports suggest that improved metabolic states are associated with larger Bacteroidetes to Firmicutes ratios([@R22], [@R23]). In our ZDF rats this ratio was unchanged in the reduced obesity stimulated by caloric restriction ([Figure 3j](#F3){ref-type="fig"}; ad libitum vs. pf-shams). Moreover, duodenal nutrient exclusion was associated with reduced Bacteroidetes ([Figure 3b](#F3){ref-type="fig"}) rather than Firmicutes abundance ([Figure 3a](#F3){ref-type="fig"}), resulting in a trend for a decrease in this ratio ([Figure 3j](#F3){ref-type="fig"}).

DES preferentially favors discrete microbiota of the distal gut {#S13}
---------------------------------------------------------------

The relative abundance of many species, across multiple phyla, are modulated by DES; thus, we first focused on those species that comprised the largest proportion of the microbial population. Within the top 25 most abundant OTU, DES suppressed species of the *Lactobacillus*, *Streptococcus*, and the *Prevotella* genera, with a similar trend in a species of the *Paraprevotella* genus as compared to their weight- and fat mass- matched Sham-pf controls ([Figure 4a--d](#F4){ref-type="fig"}). Likewise, we observed that DES induced a suppression of species from the *Candidatus Arthromitus* and *Rothia* genera as compared to *ad libitum* sham controls ([Figure 4e--f](#F4){ref-type="fig"}). Conversely, DES stimulated a species-specific increase in the abundance of *Clostridium (C.) perfringens* and species of the *Enterococcus* genus ([Figure 4g--h](#F4){ref-type="fig"}).

Beyond these most abundant OTUs, DES rats were characterized by a 30% reduction in the relative abundance of the Bacteroidetes phyla and a 27% reduction in the Bacteroidia class (p\<0.05) as compared to weight and fat mass matched sham-pf rats ([Figure 2](#F2){ref-type="fig"}). This suppression was also observed at the level of order (bacteroidales; [Figure 5a](#F5){ref-type="fig"}) and was characterized by an almost complete abrogation of the *Paraprevotellaceae* family ([Figure 5b](#F5){ref-type="fig"}), which normally comprises 7--8% of the total gut microbiota abundance ([Figure 2g--h](#F2){ref-type="fig"}; Sham). Within this family are two genera, *Prevotella* and *Paraprevotella*, where we observed a universal suppression of 5 independent species. However, not all *Bacteroidales* families were suppressed. We observed a 70% increase in the genus *Parabacteroides* of the *Porphyromonadaceae* family in the DES rats as compared to sham controls ([Figure 5i](#F5){ref-type="fig"}). Moreover, we observed elevated levels of several species within the *S24-7* family of *Bacteriodales* in DES animals ([Figure 5j](#F5){ref-type="fig"}).

Firmicutes comprise the vast majority of gut microbiota in DES and control rats, yet duodenal nutrient exclusion had no effect on relative Firmicutes abundance. However, several families of this phylum were significantly altered by the DES procedure. As mentioned above, DES stimulated a considerable elevation in species of the *Enterococcus* genus ([Figure 4h](#F4){ref-type="fig"}), while stimulating inverse effects on the *Candidatus Arthromitus* and *C. perfringens* species ([Figure 4e and g](#F4){ref-type="fig"}). We also observed an increase in the *Erysipelotrichi* class of Firmicutes ([Figure 6a](#F6){ref-type="fig"}) as compared to either *ad libitum* or pf sham controls and this increase in abundance was driven by the *Allobaculum* genus of the *Erysipelotrichaceae* family ([Figure 6b](#F6){ref-type="fig"}).

Aside from these prominent changes in the Bacteriodetes and Firmicutes phyla, we also observed changes in members of several smaller phyla. Specifically, we uncovered a considerable increase in the *Bifidobacterium* genus of the Actinobacteria phylum ([Figure 6c](#F6){ref-type="fig"}) and *Akkermansia muciniphila* of the Verrucomicrobia phylum ([Figure 6d](#F6){ref-type="fig"}), as well as the Mollicutes class in the Tenericutes phylum ([Figure 6e](#F6){ref-type="fig"}). Taken together, these data suggest that like RYGB([@R6], [@R9], [@R10]) and Verticle Sleeve Gastrectomy (VSG) ([@R24], [@R25]), DES alters the distal gut microbiota.

Discussion {#S14}
==========

Gut microbiota have emerged as a potential regulator of energy balance, glucose and lipid metabolism([@R26]). Furthermore, bariatric interventions such as RYGB, VSG, and ileal transposition are all known to rescue components of the metabolic syndrome and are associated with pronounced modifications of gut microbiota([@R6], [@R24], [@R27]). Thus, we set out to test the hypothesis that duodenal nutrient exclusion via duodenal endoluminal sleeve would likewise modulate gut microbiota.

Our studies were conducted in the ZDF rat model of obesity and T2D. These rats are characterized by hyperphagia, obesity, dyslipidemia, and β cell failure leading to eventual hyperglycemia. While diet and obesity are both known to influence the gut microbiota([@R26]), these metabolic defects develop in ZDF rats maintained on standard chow, excluding high-fat feeding from the experimental variables. Moreover, our experimental design included a pair-fed (pf) sham group which was body weight and fat mass matched([@R8]) to the DES cohort. In our prior studies, we observed that the weight loss effects of DES were matched via isocaloric pair-feeding of sham rats([@R8]). However, DES stimulated enhanced glucose tolerance as compared to these otherwise matched rats([@R8]). Thus we are able to identify the interactions between gut microbiota and obesity (sham vs. sham-pf), and the enhanced glucose handling induced by DES (sham-pf vs. DES). It must be noted that this model of T2D and obesity is based on defects in leptin action. Thus this model may be characterized by changes in gut microbiota related to defects in leptin signaling([@R28]), obesity, hyperglycemia, or any combination of these variables. Moreover, the extensive inbreeding necessary to create this strain likely influences the relative homogeneity of the microbiota in these rats, and by extension our studies. Furthermore, this background may contribute to differential effects as compared to human studies as well as studies in mice and other rat models.

When comparing our DES intervention to the *ad libitium* sham, or more appropriately, the body weight and fat mass matched pf-shams, we were surprised to find an *increased* Firmicutes:Bacteriodetes ratio. A greater ratio of these two largest microbiota phyla has been previously implicated as a marker of obesity and T2D. Moreover, interventions known to improve components of the metabolic syndrome (e.g. RYGB, VSG, IT, BD, metformin) reduce this ratio. However, the causality of this shift in phyla as component of the organism's health, or even as a useful biomarker, has recently come into question([@R29]). A recent review suggests that is rather the targeted manipulation of specific microbiota (i.e. *Bifidobacteria, Bacillus, and Lactobacillus as well as the ratio of Bacteriodes-Prevotella* to *C. coccoides-E. rectale*) which results in divergent metabolic outcomes([@R29]). Thus, it is important to evaluate these interventions and their induced changes in gut microbiota beyond this simple ratio. It should also be noted that both the small number of samples ([@R4]) and the genetic background of the model may contribute to this surprising finding.

Prior evidence for microbiota associated with the beneficial effects of bariatric surgeries has identified changes in several key genera and even specific species. Specifically, investigation of RYGB patients has uncovered elevated abundance of species in the Gammaproteobacteria class (e.g. *E. coli*) and reduced abundance of *Clostridium* members of the Firmicutes phyla([@R25]). Studies in high-fat fed mouse models of RYGB confirmed conserved elevations of Gammaproteobacteria (*Escherichia*) and identified similar effects in the Verrucomicrobia (*Akkermansia*) class([@R6]). With regard to our studies, we found that like RYGB, DES stimulates an increase in the abundance of these classes. Among those microbes previously identified in RYGB, we observed a dramatic reduction in multiple members of the *Prevotellaceae* family. These gram-negative anaerobes are enriched in obesity, impair IL-18 production, disrupt mucosal barrier function([@R30]), and suppressed following RYGB([@R22]). Conversely, we found the increase in *Akkermansia muciniphila* of particular interest. This mucin-degrading bacterium is has been proposed to regulate gut health, energy balance, and glucose homoeostasis([@R31], [@R32]). Its abundance is elevated by RYGB([@R6]) and Metformin([@R7]) therapies alike, yet it has also been linked to exacerbated gut inflammation ([@R33]). However, VSG, which stimulates RYGB-like changes in glucose metabolism an energy balance, is associated with suppression of this genus([@R24]) in high-fat fed mice. The comparison of these divergent bariatric interventions suggests that duodenal nutrient exclusion may be selectively beneficial for *Akkermansia muciniphila*, but it also suggests that this microbe may not be solely responsible for the benefits of these procedures. A similar comparison can be drawn with respect to the *Bifidobacterium* genus. This gram-positive anaerobe is depleted in T1D([@R34]) and conversely, prebiotic-stimulated increases in this genus reduce metabolic deficits associated with high-fat-diet-induced diabetes in mice([@R35]). Consistent with these beneficial actions, we observed a considerable increase in the abundance of the *Bifidobacterium* genus following DES. This microbe is suppressed following RYGB([@R9], [@R10]) and remains unchanged after VSG([@R25]), suggesting a key divergence between these procedures. The *Erysipelotrichaceae* family of Firmicutes is similarly elevated in obesity, associated with inflammatory bowel disease ([@R30]), and suppressed to control levels following RYGB in man([@R22]). However, we observed a clear increase in *Erysipelotrichaceae* abundance that was primarily associated with an increase in the *Allobaculum* genus. This genus of the Firmicutes is specifically enriched in low- vs. high-fat fed mice, in spite of the relative increase in all other Firmicutes observed in high-fat feeding([@R28]).

While DES shares a greater anatomical and microbiota similarity with RYGB, we were able to identify similar regulation of DES and VSG with regard to the *Porphyromonadaceae* family. These gram-negative anaerobes are negatively correlated with T1D([@R36]) and display suppressed abundance in high-fat fed mice([@R37]). Furthermore, a genus in the *Porphyromonadaceae* family was increased in high-fat fed, VSG mice in an FXR-dependent manner([@R24]). Likewise, we observed an increase in the *Parabacteroides* genus of *Porphyromonadaceae* following DES. Coupled with the shared modulation of bile acids observed in these procedures, these data suggest that *Parabacteroides* abundance in DES may be similarly regulated via FXR activation.

Beyond those previously associated with bariatric interventions, we also identified several microbes associated with obesity, diabetes, or both disease states. One of the most abundant examples is the relative increase in *C. perfringens* species observed after DES. Reduced *C. perfringens* has previously been associated with obesity in man([@R38]), yet our data suggest that this microbe is dramatically increased as compared to either *ad libitum* or pair-fed sham groups, implying that *C. perfringens* may contribute to the beneficial effects of DES on glucose metabolism. An increase in Clostridia has also been observed in low-fat fed, ZDF rats that have undergone RYGB ([@R39]). *C. perfringens* is readily found in the intestines of animals and humans but it is not clear whether this increase is due to favorable growth conditions after surgery. Although the potential exists for pathogenesis as a result of the increased *C. perfringins* ([@R40]), we did not observe any illness in the animals. Conversely, DES implant in ZDF rats stimulated a suppression of *Candidatus Arthromitus* abundance. This finding stands in contrast to prior reports suggesting that early-life microbiota disruption stimulated defects in body composition and glucose tolerance and was associated with reduced *Candidatus Arthromitus* abundance([@R41]).

Bariatric interventions such as RYGB and VSG are currently the most effective therapies for obesity and T2D. However, the molecular and systemic mechanisms responsible for the beneficial physiology observed after these surgeries have yet to be fully elucidated. The DES procedure mimics RYGB in the context of duodenal nutrient exclusion, yet preserves overall gut anatomy and is fully reversible. Our data suggest that a similar regulation of gut microbiota is associated with this overlapping physiology. During the preparation of this manuscript novel associations between small intestine bacterial overgrowth and enhanced weight loss following RYGB were described ([@R42]). Of note, these effects were not observed in patients who received adjustable gastric banding, suggesting that gut perturbation is an essential component of this effect. While not tested in our model, this observation adds to the growing list of potential microbiota;gut interactions that must be addressed. Moreover, although we have identified the regulation of several intriguing microbes, these observations warrant further critical investigation before causality or implication as potential therapeutic targets can be made.
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![Taxonomic distribution of hindgut microbiota in individual rats (a--e) and by surgical group (f--j) following 28 d study. Data in (f--j) represented as mean +/− SEM (n=4--8 rats/group).](nihms827564f2){#F2}

![Relative regulation of hindgut microbiota by phyla in DES rats (a--i) and Bacteroidetes to Firmicutes ratio (j) following 28 d study. All data represented as mean +/− SEM (n=4--8 rats/group). \*p\< 0.05 vs. Sham control.](nihms827564f3){#F3}

![Relative regulation of the most abundant hindgut microbiota by genera in DES rats (a--h) following 28 d study. All data represented as mean +/− SEM (n=4--8 rats/group). \*p\< 0.05, \*\*p\< 0.01, vs. Sham control, \#p\< 0.05, \#\#p\< 0.01 vs. Sham-pf control.](nihms827564f4){#F4}

![Relative suppression of the *Paraprevotellaceae* family of Bacteroidia (a--h) in hindgut microbiota of DES rats following 28 d study. Relative increase in the *Porphyromonadaceae* and *S24-7* families (i--j) induced by DES following 28 d study. All data represented as mean +/− SEM (n=4--8 rats/group). \*p\< 0.05 vs. Sham control, \#p\< 0.05, \#\#p\< 0.01 vs. Sham-pf control.](nihms827564f5){#F5}
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